c Solid-phase microextraction gas chromatography-mass spectrometry (SPME-GCMS) was used to show that dimethyl sulfide produced by Burkholderia pseudomallei is responsible for its unusual truffle-like smell and distinguishes the species from Burkholderia thailandensis. SPME-GCMS can be safely used to detect dimethyl sulfide produced by agar-grown B. pseudomallei.
T he earthy, truffle-like smell of mature Burkholderia pseudomallei colonies on solid agar media has been used to aid identification in the clinical laboratory. Previous attempts to analyze the volatile metabolic products of B. pseudomallei have been hampered by the low sensitivity of separation technologies and concerns about laboratory-acquired infection risks. Our earlier gas-liquid chromatography (GLC) analysis of B. pseudomallei and Burkholderia thailandensis was unsuitable for volatile organic compound (VOC) analysis (1). Recent gas chromatography-mass spectrometry (GCMS) analysis of bacterial fatty acid content corroborated our GLC results (2) but did not analyze VOC production. Combination of solid-phase microextraction capture (SPME) with GCMS presented an opportunity to analyze the volatile products of Burkholderia metabolism, identify the distinctive VOCs generated by B. pseudomallei, and determine whether the principal components of its odor could be used to aid in its identification.
Bacterial strains. Burkholderia species that had been identified by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) MS and species-specific PCR assay (3, 4) were used, including five fully sequenced strains (5) Bacterial strains were cultured in air at 37°C for 24 h on 5% horse blood agar, and their identities were verified by MALDI-TOF MS analysis (3). A bacteriological loop was used to touch 10 distinct colonies of each strain and inoculate a fresh 5% horse blood agar plate to guarantee single-colony growth after 24 h of incubation in air at 37°C. These plates were used for SPME-GCMS analysis at 48 h after inoculation. A more detailed 1-week time series compared B. pseudomallei NCTC 13171 and B. thailandensis Bt4 inoculated at 24-h intervals onto blood agar plates from a single manufacturer's batch (Excel Laboratory Products, Nedlands, WA, Australia). Each plate was incubated in its own labeled zip lock polyethylene bag on the same incubator shelf as the others in the series. SPME-GCMS glass vials were coded to conceal the durations of incubation and identities of the bacteria. We analyzed three discrete bacterial colonies per glass vial by excising 0.80-mm-diameter plugs from 5% horse blood agar plates and transferring them to a sterile glass vial sealed with a diaphragm-protected screw top. The microextraction sheath was inserted into the vial's headspace, and automatic sampling was conducted for 10 min after sheath insertion. To determine the sensitivity and specificity of volatile organic sulfur compound detection as a means of distinguishing B. pseudomallei from near-neighbor Burkholderia species and morecommon laboratory Gram-negative isolates, we repeated the analyses after 24 and 48 h of incubation with 16 B. pseudomallei and 11 non-B. pseudomallei strains.
Extraction procedure. Analytes were extracted from the headspace by solid-phase microextraction at room temperature and then analyzed by SPME-GCMS. Sampling was performed with a headspace autosampler (CTC CombiPAL). Samples were placed at the bottom of a 20-ml headspace vial with a screw top lid and extracted with a coated microextraction fiber (DVB/CAR/PDMS; Supelco) for 10 min at room temperature. The needle depth inside the vial was set to 45 mm so that there was no direct contact with bacterial cultures. The microextraction fiber was desorbed in the spectrometer inlet for 1 min at 250°C with a needle depth of 54 mm. The samples were analyzed on a gas chromatograph (Agilent 7890A GC) coupled to a mass spectrometer (Agilent 5975C MSD) set up with a 0.25-m capillary column (Agilent). We superimposed mass spectrometer recordings on a negative-control trace produced by a sterile incubated agar plug and compared volatile compounds from B. pseudomallei with those from B. thailandensis and other species. We identified major components from a mass spectrum library (National Institute of Standards and Technology) and verified key volatile products against analytical standards (Ͼ98% purity; Sigma-Aldrich). The statistical methods used for quantitative analysis were column statistics, the Wilcoxon matched-pair signed-rank test, the Mann-Whitney U test, and 2 trend (Prism version 6.0; GraphPad, San Diego, CA).
The major volatile sulfur compound produced by both B. pseudomallei and B. thailandensis was dimethyl disulfide (Table 1) , but its concentration did not distinguish these species. Analyticalgrade dimethyl disulfide was odorless, unlike mature B. pseudomallei cultures. The volatile sulfur compounds generated in significantly higher concentrations by B. pseudomallei cultures were dimethyl sulfide (DMS), diethyl sulfide, methanethiol, and thiocyanic acid, methyl ester. The differentiating volatile compound in the highest absolute and relative concentrations was DMS, which was produced early in the week-long time series (Fig. 1) . Analytical-grade DMS produced a subjective odor identical to that of (covered) mature B. pseudomallei cultures. No DMS was produced by uninoculated 5% horse blood agar or B. pseudomallei colonies inoculated directly onto the inside of sterile glass vials. B. thailandensis and other species produced little or no DMS. The other VOCs that distinguished B. pseudomallei from B. thailandensis were present at lower concentrations than DMS in B. pseudomallei. These included anisole; the 2-ethyl-methyl ester of hexanoic acid, 3-hexanone, 5-methyl-3-heptanone, or 3-heptanone; the methyl ester of 2-heptenoic acid methyl ester; and the 2-methyl ester of propanoic acid. Production of DMS, dimethyl disulfide, and trimethyl sulfide varied among strains of B. pseudomallei and the other Burkholderia species tested. Using a cutoff of 5 area units of DMS at 24 h, the specificity for B. pseudomallei detection was 1.00 and the sensitivity was 0.76; at 48 h, they were 0.91 and 0.89, respectively. DMS generation at 48 h was significantly greater than at 24 h of incubation (Wilcoxon test, P ϭ 0.0008, 16 pairs, median difference ϭ 7.5), though there was a small overlap in DMS production with the non-B. pseudomallei bacteria tested.
We found that the dominant odor-producing compound that distinguished B. pseudomallei from its near neighbor B. thailandensis was DMS, an important biological signal compound. Methyl disulfide is highly volatile and produces an offensive odor at high concentrations. SPME-GCMS has been used previously to determine the range of VOCs that contribute to the organoleptic properties of truffles (6), the major constituents of which are DMS and methanethiol (7) . DMS is responsible for the earthy odor produced by a range of soil bacteria and explains historical descriptions of the smell of B. pseudomallei cultures. Quantitative test performance analysis of B. pseudomallei's earthy odor as a preliminary detection method shows that its sensitivity improves over 48 h of incubation. Though we do not recommend sniffing or smelling bacterial cultures in order to detect the species, we realize that the long-held belief that a pungent odor given off early by mature colonies of bacteria may be used to recognize potential B. pseudomallei cultures. From our data, SPME-GCMS appears to be a safer alternative to sniffing culture plates and is clearly a more objective way of ruling in possible B. pseudomallei where an SPME-GCMS service is readily available. This technique complements other rapid phenotyping methods such as MALDI-TOF MS for rapid culture characterization. It has been applied previously to more commonly encountered bacterial species (8-10) and used for their direct detection in exhaled breath samples (11) . Production of DMS by marine algae is thought to act as a defense against oxidative stress (12) and induces apoptosis in malignant human showing the time-dependent trends that distinguish the two species. DMS, dimethyl sulfide; DES, diethyl sulfide; MT, methanethiol; TCyA, thiocyanic acid, methyl ester.
